Duchenne muscular dystrophy (DMD) is a lethal muscle disease caused by dystrophin deficiency. In normal muscle, dystrophin helps maintain sarcolemmal stability. Dystrophin also recruits neuronal nitric oxide synthase (nNOS) to the sarcolemma. Failure to anchor nNOS to the membrane leads to functional ischemia and aggravates muscle disease in DMD. Over the past two decades, a great variety of therapeutic modalities have been explored to treat DMD. A particularly attractive approach is to increase utrophin expression. Utrophin shares considerable sequence, structural and functional similarity with dystrophin. Here, we test the hypothesis that utrophin also brings nNOS to the sarcolemma. Full-length utrophin cDNA was expressed in dystrophin-deficient mdx mice by gutted adenovirus or via transgenic overexpression. Subcellular nNOS localization was determined by immunofluorescence staining, in situ nNOS activity staining and microsomal preparation western blot. Despite supra-physiological utrophin expression, we did not detect nNOS at the sarcolemma. Furthermore, transgenic utrophin overexpression failed to protect mdx muscle from exercise-associated injury. Our results suggest that full-length utrophin cannot anchor nNOS to the sarcolemma. This finding might have important implications for the development of utrophin-based DMD therapies.
Introduction
Duchenne muscular dystrophy (DMD) is the most common childhood lethal muscle disease. It is caused by mutations in the dystrophin gene (Kunkel, 2005) . The dystrophin gene (DMD) encodes a 427 kDa multiple-domain cytosolic protein. The Nterminal domain of dystrophin interacts with cytosolic F-actin. The central rod domain contains 24 spectrin-like repeats and four hinges. The C-terminal domain carries the binding motifs for several cytosolic proteins such as syntrophin and dystrobrevin. A cysteine-rich domain sits between the central rod and the C-terminal domains and it connects dystrophin to the extracellular matrix via dystroglycan. The dystrophin-dystroglycan complex is further strengthened by the sarcoglycans and sarcospan. Together, dystrophin and its associated proteins protect the sarcolemma from contraction-induced injury (for a review, see Blake et al., 2002; Ervasti, 2007) .
In DMD patients, dystrophin expression is abolished owing to gene mutation. As a result, dystrophin-associated proteins disassemble from the muscle membrane and the sarcolemma integrity is reduced. Although the loss of the physical support has certainly contributed to the muscle disease, recent studies have begun to appreciate other pathogenic factors (Heydemann et al., 2007) . Among these, neuronal nitric oxide synthase (nNOS) is particularly interesting. In normal skeletal muscle, nNOS is recruited to the sarcolemma by dystrophin and syntrophin (Adams et al., 2000; Hillier et al., 1999; Kameya et al., 1999; Lai et al., 2009; Tochio et al., 1999) . Membrane location of nNOS allows ready diffusion of nitric oxide to the nearby vasculature to counteract a-adrenergic vasoconstriction during muscle contraction. In the absence of dystrophin, sarcolemmal nNOS expression is lost. Consequently, the protective vessel relaxation mechanism is compromised (Brenman et al., 1995; Chang et al., 1996; Lai et al., 2009; Sander et al., 2000; Thomas et al., 1998) . In this regard, contraction-associated ischemic injury has been recognized as one of the earliest pathological changes in DMD muscle (Mendell et al., 1971; Parker and Mendell, 1974) . The physiological relevance of membrane-associated nNOS was further emphasized by several recent reports (Kobayashi et al., 2008; Lai et al., 2009; Percival et al., 2008) . In these studies, investigators found that sarcolemmal nNOS prevented exercise-related fatigue and improved exercise performance in dystrophic subjects. In summary, restoring sarcolemmal nNOS could represent an important therapeutic endpoint.
Soon after the discovery of the dystrophin gene on the Xchromosome, the utrophin gene (UTRN) was identified as an autosomal paralog of the dystrophin gene (Khurana et al., 1990; Love et al., 1989; Tinsley et al., 1992) . Similarly to dystrophin, utrophin also contains four major functional domains, including the N-terminal, central rod, cysteine-rich and C-terminal domains. The N-terminal, cysteine-rich and C-terminal domains are 80% identical to those of dystrophin (Tinsley et al., 1992) . Because of the extraordinary sequence homology and structural resemblance, it is not surprising that utrophin stabilizes the sarcolemma by orchestrating dystrophin-associated proteins into a similar complex Blake et al., 2002; Ervasti, 2007) . Considering the importance of sarcolemmal nNOS in DMD pathogenesis and therapy, we sought to determine whether utrophin was able to recruit nNOS to the sarcolemma. It has been well established that sarcolemmal nNOS anchoring is mediated by the syntrophin PDZ domain (Adams et al., 2001; Hillier et al., 1999; Tochio et al., 1999) . We have recently shown that this process also requires dystrophin spectrin-like repeats 16 and 17 (R16/17) (Lai et al., 2009) . Whereas dystrophin carries 24 spectrin-like repeats, utrophin contains 22 repeats. Although the repeats corresponding to dystrophin R16/17 appear to be preserved in utrophin, individual repeat units show considerable sequence divergence and it remains unclear whether utrophin repeats can interact with nNOS (Winder et al., 1995) . Based on the known structural similarity, we hypothesized that utrophin could anchor nNOS to the sarcolemma. To test this hypothesis, we first overexpressed full-length utrophin using gutted adenoviral vectors in dystrophin-deficient mdx mouse muscles. Surprisingly, we did not detect sarcolemmal nNOS expression by immunofluorescence staining. To thoroughly address this issue, we compared nNOS expression in C57Bl/10 (BL10), mdx, utrophin-null, utrophin-dystrophin double knockout (u-dko) and full-length utrophin transgenic mdx mice. Through nNOS immunofluorescence staining, in situ activity staining and microsomal western analysis, we found that the loss of utrophin had a nominal effect on sarcolemmal nNOS localization. Furthermore, supra-physiological utrophin expression did not restore sarcolemmal nNOS expression. Importantly, chronic treadmill running resulted in apparent muscle degenerationregeneration and reduction of specific muscle force in utrophin transgenic mdx mice, but not in normal control mice.
Results

Expression of gutted-adenovirus-mediated full-length dystrophin, but not utrophin, restores sarcolemmal nNOS
To determine whether utrophin recruits nNOS to the sarcolemma, we delivered full-length mouse utrophin to the anterior tibialis (TA) muscle in mdx mice using a gutted adenoviral vector. Gutted adenoviral vectors carrying full-length cDNA encoding human or mouse dystrophin were included in the study as the positive control. Two months after gene transfer, we examined nNOS expression by immunofluorescence staining. Robust utrophin and dystrophin expression was detected in mdx muscles injected with the respective adenoviral vectors (Fig. 1) . Although sarcolemmal nNOS staining was restored following viral-mediated expression of full-length human (Fig. 1B) or mouse (data not shown) dystrophin, we did not observe membrane-associated nNOS immunoreactivity in mdx muscles infected by the full-length utrophin vector (Fig. 1B) . As demonstrated before, some (but not all) revertant fibers showed membrane-associated nNOS expression (Lai et al., 2009; Wells et al., 2003) .
The absence of a-syntrophin compromises sarcolemmal nNOS localization (Adams et al., 2000; Kameya et al., 1999) . If utrophin fails to recruit a-syntrophin, it might explain our finding. To test this hypothesis, we examined serial muscle sections from gutted adenoviral utrophin-injected muscles (Fig. 1C ). Consistent with our previous studies (Odom et al., 2008) , full-length utrophin delivered by gutted adenovirus restored sarcolemmal a-syntrophin expression (Fig. 1C) .
Transgenic overexpression of full-length utrophin fails to recover sarcolemmal nNOS
To further extend the intriguing finding seen with the gutted adenovirus, we examined nNOS localization in utrophin-deficient mice (utrophin knockout and u-dko) and full-length utrophin transgenic mdx mice. Immunostaining was performed on serial TA muscle sections for dystrophin, utrophin, syntrophin and nNOS. In Fig. 1 . Adenovirus-mediated full-length utrophin expression does not restore sarcolemmal nNOS. (A)Representative dystrophin and nNOS immunofluorescence staining photomicrographs from normal and mdx muscles. Some reverent fibers can restore nNOS (arrowhead) whereas others cannot (arrow). (B)Representative immunofluorescence staining photomicrographs at 2 months after mdx muscles were infected with gutted adenoviruses. Left panels are dystrophin and nNOS staining following human full-length dystrophin gutted adenovirus infection. Right panels are utrophin and nNOS staining following mouse full-length utrophin gutted adenovirus infection. gAd, gutted adenovirus; HDys, human dystrophin; Utr, utrophin. (C)Two examples of serial sections from full-length utrophin gutted adenovirus infected muscles stained with antibodies against utrophin (left panels) and a-syntrophin (right panels). Myofibers expressing high levels of utrophin at the sarcolemma also expressed a-syntrophin. Asterisks indicate the same myofiber in serial sections. the case of syntrophin, a pan-syntrophin antibody was used to detect all syntrophin isoforms. To corroborate immunostaining results, we also stained for nNOS activity in adjacent muscle sections. In BL10 mice, we observed uniform dystrophin, syntrophin and nNOS expression at the sarcolemma. Consistent with previous reports (Blake et al., 2002; Nguyen et al., 1991; Rivier et al., 1997) , utrophin was detected in the microvasculature in normal muscle ( Fig. 2A) . In dystrophin-deficient mdx mice, utrophin was upregulated and elevated utrophin resulted in lowlevel syntrophin staining at the sarcolemma. However, neither nNOS immunostaining nor nNOS activity staining generated positive signals (Fig. 2B ). Eliminating utrophin alone had minimal influence on sarcolemmal nNOS expression (Fig. 2C) . As expected, u-dko mice displayed much severe muscle disease (Deconinck et al., 1997; Grady et al., 1997) . We observed substantial sarcolemmal damage in u-dko mice, as illustrated by extensive immunoglobulin infiltration (Lai et al., 2005) . Nonetheless, the nNOS expression pattern was not altered (Fig. 2D) . In the Fiona line of full-length utrophin transgenic mdx mice (Fiona mice) (Tinsley et al., 1998) , strong utrophin expression was detected in every myofiber (Fig.  2E ). Transgenic full-length utrophin overexpression also reduced central nucleation and inflammation ( Fig. 2E) (Tinsley et al., 1998) . Consistent with the results of the adenoviral vector experiment (Fig. 1) , supra-physiological utrophin expression in transgenic mice did not restore nNOS to the sarcolemma (Fig. 2E) .
To confirm immunostaining results, we performed western analysis with total muscle lysates and membrane-enriched microsomal preparations. Using whole-muscle lysates, dystrophin was detected only in BL10 and utrophin-null muscles. Normal muscle showed little utrophin expression. Utrophin was completely eliminated in utrophin-null and u-dko muscles. Although utrophin levels were moderately increased in mdx muscles, the highest utrophin expression was observed in Fiona mouse muscles (Fig.  3A) . Total cellular nNOS levels were substantially reduced in mdx and u-dko muscles, but not in utrophin-null and Fiona mouse muscles (Fig. 3A) .
Membrane-associated syntrophin and nNOS were evaluated by western blot analysis of muscle microsomes. Similarly to the immunostaining results, syntrophin levels were normalized in utrophin transgenic muscles. However, supra-physiological utrophin expression did not restore nNOS to the sarcolemma (Fig. 3B) . In summary, utrophin overexpression or elimination had a nominal effect on subcellular nNOS distribution (Figs 1-3) .
Chronic treadmill exercise leads to focal degenerationregeneration and force reduction in utrophin transgenic Fiona mice
To evaluate the physiological consequences, we challenged 4-week-old Fiona and BL10 mice with treadmill exercise for 8 weeks 2010 Journal of Cell Science 123 (12) Fig. 2 . In situ evaluation of muscle histology and dystrophin, utrophin, syntrophin and nNOS expression. Serial muscle sections from normal BL10 (A), mdx (B), utrophin knockout (C), u-dko (D) and Fiona strain of utrophin transgenic mdx mice (E) were stained for general histology with hematoxylin and eosin (HE), and for dystrophin, utrophin, syntrophin, nNOS and nNOS activity. Representative photomicrographs from each mouse model are presented. nNOS (pAb), immunofluorescence staining for nNOS; Asterisks indicate the same myofiber in serial sections; empty arrowheads in C and E indicate neuromuscular junctions; arrows in D show damaged myofibers with infiltrated mouse immunoglobulin; filled arrowheads in E indicate myofibers with centrally located nucleus. (Grounds et al., 2008) . Non-exercised mice were included as controls. At the end of the study, we isolated the extensor digitorium longus muscle and compared histology and force between sedentary and treadmill-challenged mice.
In non-exercised Fiona mice, centrally nucleated myofibers were occasionally observed (Fig. 2E ). This might reflect accumulated functional ischemic damage from daily activity. Consistent with our previous publication (Lai et al., 2009 ), focal muscle degeneration-regeneration was substantially aggravated in Fiona mice after chronic treadmill running (Fig. 4A) . Large patches of myofibers now showed centrally located nuclei (Fig. 4A) . Force measurement further suggested muscle damage in exercised Fiona mice (Fig. 4B) . Although treadmill challenge did not influence force generation in BL10 mice, specific tetanic force was significantly reduced in Fiona mice after continuous treadmill running (Fig. 4B) .
Utrophin cannot bring nNOS to sarcolemma
Discussion
The sequence homology and the structural similarity between utrophin and dystrophin have stirred a tremendous interest in developing utrophin-based therapies for DMD (for reviews, see Khurana and Davies, 2003; Miura and Jasmin, 2006; Perkins and Davies, 2002; Tinsley and Davies, 1993) . Numerous studies have further established functional redundancy between the two proteins (for reviews, see Blake et al., 1996; Blake et al., 2002; Ervasti, 2007) . These studies suggest that the utrophin and dystrophin genes are derived from a common evolutionary ancestor. Except for some spatial and/or temporal differences in the expression pattern and a minor difference in the rod-domain length, utrophin seems sufficient to correct virtually all the cellular defects caused by dystrophin deficiency (Tinsley et al., 1998) . Encouraging results from gene therapy, protein therapy and pharmacological interventions have further substantiated the therapeutic promise of utrophin (Cerletti et al., 2003; Deol et al., 2007; Khurana and Davies, 2003; Miura and Jasmin, 2006; Odom et al., 2008; Sonnemann et al., 2009) .
In an effort to better understand the basic biology of utrophinmediated DMD therapy, here we examined whether utrophin could recover sarcolemmal nNOS. Based on the striking similarity between dystrophin and utrophin, we initially hypothesized that utrophin could recruit nNOS to the sarcolemma. Our data however, show the hypothesis not to be true. For example, utrophin is upregulated in mdx muscles (Fig. 2B and Fig. 3A ), but nNOS is not observed at the mdx sarcolemma (Fig. 1A and Fig. 2B ). One possible explanation is that utrophin has a lower affinity for nNOS binding. If this were the case, the amounts of sarcolemmal nNOS in mdx muscle would be too low and beyond the detection threshold. To thoroughly test our hypothesis, we examined whether sarcolemmal nNOS expression could be restored when utrophin was overexpressed. Two different approaches were used to increase utrophin expression in mdx muscles, injection of gutted adenoviral vectors and the use of transgenic mice. We did not detect nNOS at the sarcolemma by immunofluorescence staining, despite robust full-length utrophin expression from the gutted adenoviral vectors (Fig. 1) . Three independent approaches (immunofluorescence staining, in situ activity staining and microsomal preparation western blot) were then applied to determine membrane-associated nNOS expression in transgenic mice. Several lines of utrophin transgenic mdx mice have been described (Tinsley et al., 1998) . Among these, the Fiona line showed the highest utrophin expression (~10-fold higher than the endogenous level) (Perkins and Davies, 2002) . Importantly, morphological and physiological defects were almost completely corrected in Fiona mice (Fig. 2E) (Perkins and Davies, 2002; Tinsley et al., 1998) . Despite the supra-physiological utrophin levels, we were not able to detect nNOS at the sarcolemma (Figs 2 and 3) . To gain more insight into the role utrophin might have, additional studies were performed in utrophin-null and u-dko mice. Subcellular nNOS localization was not altered in these mice (Fig. 2C,D and  Fig. 3B) .
We have recently shown that dystrophin-mediated sarcolemmal nNOS localization prevents functional ischemia and enhances exercise performance in dystrophin-deficient mice (Lai et al., 2009) . Specifically, focal ischemic damage (such as degeneration and regeneration) was found in transgenic mdx mice expressing the ⌬H2-R19 mini-dystrophin gene (this minigene cannot restore nNOS) but not in ⌬H2-R15 mini-dystrophin transgenic mdx mice, which contain sarcolemmal nNOS (Lai et al., 2009 ). In sedentary Fiona muscle, we also observed sporadic focal degeneration and regeneration (Fig. 2E, arrowhead) . This might reflect accumulated functional ischemic damage from daily activity. To further evaluate the physiological alterations that might occur with utrophinoverexpression therapy, mice were challenged with treadmill running for 8 weeks. Consistent with our previous observation (Lai et al., 2009) , treadmill exercise induced significant degenerationregeneration and compromised muscle force generation in Fiona mice, but not in normal mice (Fig. 4) .
Previous studies suggest that some quantitative functional differences between dystrophin and utrophin might exist. For example, dystrophin binds actin via two separate contact sites whereas utrophin interacts with actin through a single continuous unit (for a review, see Ervasti, 2007) . Furthermore, utrophin shows a twofold lower affinity for b-dystroglycan (Ishikawa-Sakurai et al., 2004) . Nevertheless, both proteins are fully capable of interacting with F-actin and b-dystroglycan, and each alone is sufficient to preserve the sarcolemmal integrity. It appears that dystrophin and utrophin are functionally exchangeable. Our results identify for the first time a significant difference in the functional capacity of utrophin and dystrophin. Dystrophin can recruit nNOS to the sarcolemma, but utrophin cannot.
Despite intensive investigation, the molecular mechanism(s) underlying sarcolemmal nNOS localization remains incompletely understood. The current model suggests the involvement of syntrophin and dystrophin R16/17. The syntrophin family consists of five members, including a-, b1-, b2-, g1-and g2-syntrophin (Albrecht and Froehner, 2002) . Only a-syntrophin has been conclusively shown to interact with nNOS (Adams et al., 2000; Adams et al., 2001; Hillier et al., 1999; Kameya et al., 1999; Tochio et al., 1999) . Based on this model, one possible explanation for our results might relate to the specific syntrophin isoform(s) recruited by utrophin.
It has been shown in wild-type muscle that dystrophin primarily interacts with a-syntrophin and b1-syntrophin whereas utrophin primarily interacts with b1-syntrophin and b2-syntrophin (Peters et al., 1997) . However, utrophin has also been shown to recruit asyntrophin to the sarcolemma at places where utrophin is highly expressed (such as the neuromuscular junction and regenerating myofibers) (Peters et al., 1997) . We have recently shown that a synthetic micro-utrophin protein also interacts with a-syntrophin (Odom et al., 2008) . To determine whether the failure to recruit asyntrophin underlies our observation, we examined a-syntrophin expression in mdx muscles that have been transduced with gutted 2012 Journal of Cell Science 123 (12) adenoviral vectors expressing full-length mouse utrophin (Fig. 1C) . Immunofluorescence staining was performed with an a-syntrophinspecific antibody (Adams et al., 2000; Peters et al., 1997) . As shown in Fig. 1C , we observed robust sarcolemmal a-syntrophin expression in myofibers that were transduced by the adenoviral vector.
The finding that utrophin cannot recover sarcolemmal nNOS might also reflect a poor interaction between nNOS and utrophin. Dystrophin R16/17 constitutes the nNOS binding domain. Utrophin spectrin-like repeats 15 and 16 (R15/16) appear to be the corresponding repeats of dystrophin R16/17 (Winder et al., 1995) . Our result offers a platform to dissect the molecular interaction between nNOS and dystrophin R16/17 or utrophin R15/16. Since the majority of the amino acid residues are highly conserved in these repeats, reciprocal mutagenesis could help to identify residues crucial for dystrophin-nNOS interaction.
Taken together, our results reveal a qualitative difference between utrophin and dystrophin. Dystrophin can anchor nNOS to the sarcolemma and maintain blood perfusion in contracting muscle. However, utrophin cannot recover membrane-associated nNOS expression. The absence of sarcolemmal nNOS is known to result in functional ischemia during muscle contraction. To enhance efficacy of utrophin-based therapies, innovative means are needed to maintain muscle perfusion in exercise.
Materials and Methods
Animal studies
Animal experiments were performed in accordance with the NIH and institutional guidelines of the University of Missouri, the University of Washington and Oxford University. C57Bl/6 (this strain was used as the normal control in adenoviral experiments), BL10 and mdx mice were purchased from the Jackson Laboratory (Bar Harbor, ME). The original breeding pair of u-dko mice was kindly provided by Mark Grady (Washington University, St Louis, MO) (Grady et al., 1997) . U-dko mice were subsequently backcrossed with mdx mice to the BL10 background (Yue et al., 2006) . Experimental u-dko mice were all on the BL10 background. Utrophin-null mice were generated by two rounds crossing of BL10 mice with BL10 background u-dko mice. Fiona strain full-length utrophin transgenic mdx mice was reported before (Tinsley et al., 1998) . Treadmill exercise was performed according to a published protocol (Grounds et al., 2008) . Briefly, mice were run on a horizontal treadmill at a speed of 12 m/minute, twice a week for a total of 8 weeks. At the beginning of each session, mice received 10 minute warm-up exercise at the speed of 8 m/minute.
Gutted adenoviral vector
The full-length dystrophin and utrophin gutted adenoviral vectors have been described before Scott et al., 2002) . High-titer gutted adenoviral vectors was grown and purified as described . Local muscle injection was performed as reported previously to the TA muscle in adult mdx mice using 4ϫ10 10 particles of vector per muscle . Muscles were analyzed for expression 2 months after injection.
Immunofluorescence staining and in situ nNOS activity staining
Dystrophin was detected with a mouse monoclonal antibody against the C-terminal domain (Dys-2, 1:30, Novocastra, Newcastle, UK). Utrophin was examined with a mouse monoclonal antibody against the utrophin N-terminal domain (1:20; Vector Laboratories, Burlingame, CA). Syntrophin was revealed with two different antibodies including a polyclonal a-syntrophin specific antibody (1:200, a gift from Stanley Froehner, University of Washington, Seattle, WA) and a pan-syntrophin mouse monoclonal antibody that recognizes the PDZ domain (1:200; Abcam, Cambridge, MA) (Adams et al., 2000; Peters et al., 1997) . nNOS was detected with a polyclonal antibody (1:2000; Santa Cruz Biotechnology, Santa Cruz, CA). Immunofluorescence staining was performed using protocols we described before (Lai et al., 2009; Lai et al., 2005; Yue et al., 2003) . In situ nNOS activity staining was performed according to a published protocol (Lai et al., 2009 ).
Western blot
Whole-muscle lysate was extracted from limb muscle and western blot was performed according to a previously published protocol (Lai et al., 2009; Li et al., 2009; Li et al., 2008) . Membrane-enriched microsomal preparations were produced from limb muscle according to a previously described protocol (Ervasti and Campbell, 1991; Lai et al., 2009 ). Proteins were resolved on a 6% SDS-polyacrylamide gel and transferred to a PVDF membrane. Dystrophin was detected with the anti-Dys-2 antibody (1:100; Novocastra). Utrophin was detected with a mouse monoclonal antibody (1:200; BD Biosciences, San Jose, CA). Syntrophin was revealed with a mouse monoclonal antibody (1:2000; Abcam). nNOS was detected with a rabbit antinNOS polyclonal antibody (1:2000; Upstate, Lake Placid, NY). a-tubulin (1:3000; Sigma, St Louis, MO) was used as the loading control in whole-muscle-lysate western blot. Rapid blue staining (Geno Technology, St Louis, MO) of a duplicated gel was used as the loading control in microsomal preparation western blot.
